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TO THE EDITOR
For many years now, researchers have
utilized mouse genetic models to study
various facets of skin biology—from
normal developmental programs to
diseased states. Often, these studies
have included a global examination of
changes in skin gene expression.
Although microarrays have been the
go-to technology in the past, it has been
supplanted by genomic methods driven
by next-generation sequencing (NGS)
such as RNA-sequencing (RNA-seq;
Ozsolak and Milos, 2011). RNA-seq
experiments yield higher throughput
and more precise measurements of
mRNA transcript levels. Hence, a
growing number of studies are now
utilizing RNA-seq to generate transcrip-
tomic maps of cells, tissues, and organs.
Although such studies, particularly
under the auspices of the ENCODE
project, have covered a large number
of biological specimens, to our know-
ledge, data from mouse skin have been
lacking (Stamatoyannopoulos et al.,
2012).
To better appreciate the wide spec-
trum of gene expression levels in
mouse skin, we isolated total RNA from
dorsal skin dissected from 18.5-day-old
embryo (E18.5), post-natal day 3 (P3),
and 10-week-old animals. The RNA
samples, in duplicate, were then sub-
jected to cDNA library preparation
using the TruSeq RNA Sample Prepara-
tion Kit (Illumina) and sequenced in
parallel using an Illumina HiSeq. Reads
were mapped to the reference genome
sequence of Mus musculus (mm9 build),
and transcript read counts were calcu-
lated as fragments per kilobase of tran-
script per million (FPKM) mapped reads.
We next examined the mouse skin
RNA-seq data in detail to probe the
transcriptional regulatory mechanisms
in skin keratinocytes and focused speci-
fically on the transcription factor (TF)
p63. p63 is a member of the p53/p63/
p73 family and a lineage-specific master
regulatory factor highly expressed in
stratified epithelia including the skin
(Crum and McKeon, 2010; Koster,
2010). Mouse knockouts for p63 have
revealed a significant epidermal pheno-
type during embryogenesis (Mills et al.,
1999; Yang et al., 1999; Romano et al.,
2012). However, understanding the
biological role of p63 has often been
hampered by the complexity of the mul-
tiple p63 isoforms generated because of
alternate promoter usage and alternative
splicing (Yang et al., 1998). These p63
isoforms include those possessing a
transactivation domain in the N terminus
(referred to as the TA isoforms) and those
lacking this domain (referred to as the
DN isoforms), as well as three major
splice variants (a, b, and g) that differ in
the C-terminal region (Figure 1). The
complexity of the p63 gene products
has been a source of confusion and
debate over the expression and function
of these isoforms during skin develop-
ment. Our mouse skin RNA-seq data
have offered several key insights into
this topic.
First, consistent with previous studies
(Laurikkala et al., 2006; Romano et al.,
2009), our RNA-seq analysis confirmed
that DNp63 is the primary isoform that is
expressed in mouse skin keratinocytes,
whereas TAp63 isoforms are barely
detectable (Figure 1b and c). Second,
the most abundant transcript identified
in mouse skin is the longer DNp63a
isoform, which encodes for a protein
that is endowed with the sterile alpha
motif (SAM) and transactivation-inhibi-
tory domain (TID) domains. Third,
there exists an isoform that has not
received much attention, which we
have referred to as DNp63D4. This iso-
form is derived from an alternate splice
donor site within exon 8 of the Trp63
gene and encodes for a slightly smaller
protein product, which lacks 4 amino
acids in a segment located between the
DNA-binding and the olimerization
domains of p63 (Figure 1a). Whether
the absence of this 4 amino acids stretch
distinguishes the activity of DNp63aD4
from DNp63a or DNp63gD4 from
DNp63g remains to be seen. Finally,Accepted article preview online 9 September 2014; published online 23 October 2014
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RNA-seq data show that the SAM-
domain deficient DNp63b and DNp63g
isoforms are also detected in the skin
and hence are likely to be biologically
relevant (Figure 1c). It is important
to note that, although DNp63b and
DNp63g are expressed at considerably
low levels compared with DNp63a,
nevertheless they may serve important
functions given that these two shorter
DNp63 isoforms carry significantly more
transcriptional punch compared with
DNp63a (Yang et al., 1998). Collec-
tively, our careful analysis of the p63
expression profile in the skin will serve
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Figure 1. Deep sequencing of RNA from mouse skin resolves isoform-specific expression patterns of Trp63. (a) Cartoon depicting the mouse Trp63 genomic
structure and the various protein domains. FPKM, fragments per kilobase of transcript per million; Oligo, oligomerization; RNA-seq, RNA-sequence; SAM, sterile
alpha motif; TID, transactivation-inhibitory domain; UTR, untranslated region; wks, weeks. (b) Snapshot on UCSC genome browser (http://genome.ucsc.edu/cgi-
bin/hgGateway) illustrating the average distribution and frequency of aligned RNA-seq reads (standardized to 10 million reads/experiment) at the Trp63 locus
across experimental replicates for mouse skin samples. (c) Heatmap depicting the isoform-specific expression profile for Trp63 gene products across experimental
replicates for mouse skin samples at three different stages.
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as a valuable resource for better under-
standing the functional importance of
this TF.
To gain an overview of the molecular
players that are likely to be relevant for
skin biology, we next compiled a
ranked list of 1,544 transcriptional reg-
ulators (as annotated by Ingenuity Path-
way Analysis) from the E18.5, P3, and
10 weeks mouse skin RNA-seq data
sets. In parallel, we also processed
RNA-seq data for 36 organs and tissues
obtained from the mouse ENCODE con-
sortium and calculated the average
gene-level FPKM values. An unsuper-
vised hierarchical clustering algorithm
(Eisen et al., 1998) based on average
linkage and Spearman correlation
metric was then employed to cluster
the annotated transcriptional regulators
(Figure 2a). We posit that factors that are
expressed in the skin and demonstrate a
similar expression profile across a spec-
trum of mouse organs and tissue types
are likely to share common biological
and functional properties.
As a proof-of-principle of this hypoth-
esis, we focused on a small cluster
centered on Trp63. As depicted in
Figure 2b, several TFs that are highly
expressed in the skin show a significant
overlap with Trp63 in expression pat-
terns across mouse organs of diverse
developmental origin. Selected TFs co-
expressed with p63 in the mouse skin
were validated using quantitative real-
time reverse-transcriptase–PCR and cor-
related well with the RNA-seq data (see
Supplementary Figure S1 online). Inter-
estingly, many of these factors, includ-
ing Tcfap2a, Tcfap2g, Dlx3, and Grhl1,
are not only intimately linked with the
p63 TF network but also have important
roles in epidermal and hair follicle
development and differentiation (Wang
et al., 2008; Wilanowski et al., 2008;
Hwang et al., 2011). We suggest that
additional TFs that cluster with Trp63
(such as the Irx family members, Sp6
and Sox15) are interesting candidates,
potentially important for skin morpho-
genesis. It is also worth mentioning that
many of the TFs that are highly ranked,
based on FPKM values from the skin
RNA samples, are also well-established
players in skin biology (see Supple-
mentary Table S1 online).
In sum, our mouse skin RNA-seq data
sets and the clustering analysis pre-
sented here will serve as a valuable
reference point for skin biology aficio-
nados and for researchers who are often
faced with the inevitable question of
addressing the relevance and expression
levels of their favorite factor. Long-term,
similar genomic studies with human skin
samples and additional mouse develop-
mental and adult time points will further
enhance the value of this database.
Finally, it is worth stressing that it will
be important to complement such mRNA
expression data sets by genome-wide pro-
teomics, a feat that is becoming increas-
ingly within reach because of technologi-
cal innovations (Kim et al., 2014).
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Figure 2. Meta-analysis of organ and tissue-specific expression patterns of transcriptional regulators reveals cofactors and their relationships with Trp63. (a)
Hierarchical clustering of relative gene-level expression changes (fold change above experimental median) for 1,544 transcriptional regulators (rows) across 36
mouse organs and tissues (columns). Mouse skin data from this study are highlighted by red (dendogram). The Trp63-containing cluster is also highlighted by red
(dendogram) and yellow dashed box (expression data). The degree of change is indicated by the color bars. (b) Close-up view of the 15 transcriptional regulators
with the strongest correlation to Trp63 expression patterns across all mouse organ and tissue types. The Heatmap illustrates relative expression profiles for selected
organs and tissues. The degree of change is indicated by the color bars. RNA-seq, RNA-sequence.
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Ephrin-A2 and Ephrin-A5 Are Important for the Functional
Development of Cutaneous Innervation in a Mouse Model
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TO THE EDITOR
Eph receptor/Ephrin ligand interactions
are important in neuronal mapping and
topography in central and peripheral
nerves (Palmer and Klein, 2003). All
the Eph receptors and Ephrin ligands
are expressed in normal human skin
(Hafner et al., 2006) and Ephrin-A
ligand signaling in hair follicles and
keratinocytes has been identified
(Yamada et al., 2008). In animal models,
sensory neurons express Eph-A recep-
tors, whereas Ephrin-A2 and -A5 have
been shown to be important in sensory
axonal growth patterning (Mun˜oz et al.,
2005; Walsh and Blumenberg, 2011).
Here, we have investigated the role of
Ephrin-A2 and -A5 ligands on cutaneous
innervation and sensory function. We
hypothesized that the loss of either
Ephrin-A2 and/or A5 would modify
cutaneous innervation and negatively
impact sensory function.
All animal studies were approved by
the University of Western Australia
Animal Ethics Committee. C57BL/6
wild-type, Ephrin-A2 / , Ephrin-A5 / ,
and Ephrin-A2A5 / mice were eutha-
nized at day 1 (P1), day 19 (P19), and 3–
6 months after birth (adult, n¼5 per
genotype per time point). 1 cm2 of dor-
sal skin was harvested and fixed. Nerves
were identified by protein gene product
(PGP) 9.5 immunohistochemistry and
innervation density quantitated (Supple-
mentary Methods; Anderson et al.
(2010); Morellini et al. (2012)). All
analysis used one-way analysis of
variance and Bonferroni correction for
multiple testing.
Both Ephrin-A2 and -A5 ligands are
expressed in normal mouse skin epider-
mis and hair follicles at all time points
tested (P1, P19, adult, Supplementary
Figure S2 online). Dermal innervation
density was not significantly different in
any genotype at P1 or adults (Figure 1a
and c). Dermal innervation density of
Ephrin-A2 / animals was significantly
reduced compared with wild type
(Po0.05), whereas Ephrin-A2A5 /
mice showed a significant increase in
dermal innervation density compared
with wild type (Po0.05) at P19. Dermal
nerve density of Ephrin-A2 / animals
was also significantly decreased com-
pared with Ephrin-A5 / (P¼ 0.001)
and Ephrin-A2A5 / (Po0.001) mice
at P19 (Figure 1b). Across the age groups
wild-type mice did not show a significant
difference in dermal nerve density
(Figure 2a). Ephrin-A2 / mice showedAccepted article preview online 22 September 2014; published online 30 October 2014
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